A proteomic approach was used to analyze protein changes during nitrogen mobilization (N mobilization) from leaves to filling seeds in pea (Pisum sativum). First, proteome reference maps were established for mature leaves and stems. They displayed around 190 Coomassie Blue-stained spots with pIs from 4 to 7. A total of 130 spots were identified by mass spectrometry as corresponding to 80 different proteins implicated in a variety of cellular functions. Although the leaf proteome map contained more abundant spots, corresponding to proteins involved in energy/carbon metabolism, than the stem map, their comparison revealed a highly similar protein profile. Second, the leaf proteome map was used to analyze quantitative variations in leaf proteins during N mobilization. Forty percent of the spots showed significant changes in their relative abundance in the total protein extract. The results confirmed the importance of Rubisco as a source of mobilizable nitrogen, and suggested that in pea leaves the rate of degradation of Rubisco may vary throughout N mobilization. Correlated with the loss of Rubisco was an increase in relative abundance of chloroplastic protease regulatory subunits. Concomitantly, the relative abundance of some proteins related to the photosynthetic apparatus (Rubisco activase, Rubisco-binding proteins) and of several chaperones increased. A role for these proteins in the maintenance of a Rubisco activation state and in the PSII repair during the intense proteolytic activity within the chloroplasts was proposed. Finally, two 14-3-3-like proteins, with a potential regulatory role, displayed differential expression patterns during the massive remobilization of nitrogen.
During seed filling, the accumulation of proteins in the seeds relies on the nitrogen supply from the mother plant. In legumes, this nitrogen can come from two sources: (1) exogenous nitrogen assimilated from the soil nitrogen and/or fixed by the symbiotic fixation of atmospheric nitrogen, and (2) nitrogen mobilized from vegetative parts. De novo-fixed nitrogen generally cannot alone sustain the high-nitrogen demand of developing seeds (Sinclair and de Wit, 1976; Salon et al., 2001) . Endogenous nitrogen accumulated during the vegetative period contributes from 20% to 70% of the final nitrogen seed yield (Pate, 1985; Jensen, 1987) . In seeds, nitrogen mainly originates from leaves and stems that mobilize more than 65% of their nitrogen content (Peoples and Dalling, 1988) . Rubisco, which represents about 50% of the total protein content in leaves, is thought to be a major source of nitrogen for mobilization (Peoples and Dalling, 1988; Matile, 1992) .
In monocarpic species, such as pea, nitrogen mobilization (N mobilization) for seed filling is closely linked to the senescence of vegetative parts. Senescence is associated with a decrease in protein and chlorophyll content, followed by leaf yellowing. It is the ultimate leaf developmental phase during which the coordinate degradation of cell constituents allows their reallocation to the plant sinks (Feller and Fisher, 1994; Masclaux et al., 2000) and eventually leads to leaf death. Nitrogen metabolism and mobilization have been extensively studied during senescence (for reviews, see Peoples and Dalling, 1988; Feller and Fisher, 1994; Noodèn et al., 1997; Hörtensteiner and Feller, 2002) , and expression of selected genes has been documented (for reviews, see Smart, 1994; Buchanan-Wollaston, 1997; Buchanan-Wollaston and Ainsworth, 1997; Bhalerao et al., 2003; Buchanan-Wollaston et al., 2003; Yoshida, 2003) . However, although there are extensive physiological and biochemical data on leaf senescence, few of the molecular events that are involved with the process have been elucidated, in particular during early senescence.
Proteomics is the most promising technique to identify the proteins that are induced, repressed, or posttranscriptionally modified during a developmental process as complex as senescence. Two-dimensional protein electrophoresis (2-DE) permits the resolution of hundreds of proteins simultaneously. Combined with image analysis and mass spectrometry (MS), it provides quantitative information about changes in protein levels and allows rapid and reliable protein identification. Nowadays, proteomics is widely used in plant studies for understanding physiological and biological mechanisms as diverse as water stress (Riccardi et al., 1998; Salekdeh et al., 2002) , seed germination (Gallardo et al., 2001) , seed development (Gallardo et al., 2003) , senescence (Wilson et al., 2002) , effect of dark or wounding (Komatsu et al., 1999; Shen et al., 2003) , and role of key signaling molecules (Rakwal and Komatsu, 2000) . Several proteome databases have been developed in Medicago truncatula (Mathesius et al., 2001; Watson et al., 2003) , in rice (Koller et al., 2002; Shen et al., 2002) , and in maize (Porubleva et al., 2001) , and proteomes of subcellular compartments have been investigated (Kruft et al., 2001 , Millar et al., 2001 Bardel et al., 2002) . For example, in pea (Pisum sativum), the proteome of thylakoids (Peltier et al., 2000 (Peltier et al., , 2002 , mitochondria (Bardel et al., 2002) , and the peribacteroid space and membrane from symbiosomes (Saalbach et al., 2002) were analyzed.
In the present study, a proteomic approach was used to study the mobilization of proteins from the leaves to the filling seeds in pea, an agriculturally important grain legume crop. Proteome maps of mature leaves and stems (pI 4-7), representing the identity of 130 proteins, were established. The leaf proteome was then analyzed at different stages during seed filling to identify mobilization-related changes in leaf proteins. This proteomic study of leaf N mobilization during early senescence in pea constitutes an original contribution to the understanding of this physiological process.
RESULTS

Characterization of the Mobilization Process in Pea Leaves during Seed Filling
The phases of seed development were divided into three distinct phases according to dry matter accumulation and water content ( Fig. 1 ; Ney et al., 1993) . The embryogenesis phase, during which frequent cell divisions occur, was characterized by a low accumulation of dry matter and a high water content (.85%). The seed-filling phase, characterized by the accumulation of dry matter in the seeds, began around 10 d after pollination (DAP) and ended around 24 DAP. During this period, the seed water content varied from 80% to 55%, and the seed dry weight increased from 0.03 to 0.22g. The desiccation phase, characterized by a loss of water and the arrest of dry matter accumulation, started at 24 DAP concomitantly with leaf yellowing. The seed water content dropped to 15%.
Concomitantly to seed nitrogen accumulation, the nitrogen content of leaves and stems of the seventh and eighth vegetative nodes decreased from 2.5% at 10 DAP to 1.6% at 19 DAP (Fig. 1) . Three different stages were defined according to nitrogen content of leaves and stems: leaf maturity, early senescence associated with N mobilization, and late senescence associated with the leaf breakdown. Proteolytic activity was determined in leaf tissue at three different time points corresponding to before N mobilization (6 DAP), early N mobilization (10 DAP), and late N mobilization (18 DAP). Protease activity increased at the beginning of Figure 1 . N mobilization in vegetative nodes during pea seed development. Nitrogen content (%) in vegetative nodes 7 and 8 (nodes below the first flowering node) is represented on the left axis, dry weight (g) and water content ( 3100%) in the whole seeds are represented on the right axis. For the vegetative tissues, DAP corresponded to the DAP on the second flowering node. The seed-filling phase started at about 10 DAP and ended at about 24 DAP. Leaf yellowing started at 24 DAP. A, Phases of seed development. B, Stages associated with leaf senescence/break down of the vegetative nodes.
N mobilization, between 6 (A 450 0.691 6 0.019) and 10 DAP (A 450 0.754 6 0.020), and decreased afterward at 18 DAP (A 450 0.694 6 0.025). The 2-DE gels for which a constant fresh weight was loaded showed that most of the abundant protein spots displayed a decreasing level in leaves during this period (Fig. 2) . These results confirmed the massive N mobilization from vegetative tissues that happened at the beginning of the seed filling in order to sustain their high-nitrogen demand.
Proteome Maps of Mature Pea Leaves and Stems
An average of 375 spots was detected on Coomassie Blue-stained 2-DE gels (pH 4-7). Reference maps were established from pea leaves and stems. They integrated the most reproducible 191 spots (Fig. 3) , ranging in size from 15 to 90 kD and pI 4 to 7. One hundred eighty-four spots were submitted to MS analyses. The matrix-assisted laser-desorption ionization time of flight (MALDI-TOF) analyses of 129 spots provided peptide mass fingerprint data that allowed the identification of 80 of them and the liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of 66 spots allowed the identification of 61 of them. Four spots (4, 60, 73, and 96) were analyzed both by MALDI-TOF and LC-MS/MS, and their identification was validated. Six spots (5, 20, 40, 51, 63, and 81) , excised at similar M r , and pI in leaf and stem 2-DE gels, were analyzed by MS. They were all identified as the same protein. The 130 spots characterized by different M r and/or pI were identified as 80 different proteins. The different spots identified as the same protein could correspond either to post-translational modifications of the same protein or to different isoforms.
We classified the identified proteins according to their function in the categories described by Bevan et al. (1998; Table I; Fig. 4) . For the sake of clarity, the energy category, which included the majority of spots, has been divided into four subcategories: the pentose phosphate pathway, the glycolysis pathway/glyoxylate cycle/gluconeogenesis, electron transport, and photosynthesis. Identified spots in leaves represented 91% of the volume of all detected spots and 86% in stems (Fig. 5) . Most of the identified proteins (75% in leaves and 62% in stems) were involved in energy metabolism. The most abundant proteins were included in this category. For example, spots identified as Rubisco large subunits (rbcL) represented, at 4 DAP, 30% to 36% of the total normalized volume of detected spots. In leaves and stems, these polypeptides formed Figure 2 . Two-dimensional protein patterns of leaves obtained from a constant fresh-tissue load. An equal volume of 80 mL corresponding to 240 mg of fresh weight of leaves harvested at 4, 12, and 24 DAP of the second flowering node was loaded on linear 24-cm IPG strips (pH 4-7). Gels were Coomassie Blue stained. The figure shows representative experiments carried out at three times. A, Enlarged image of massive degradation of rbcL between 4 and 24 DAP. B, Enlarged image represents some less abundant protein spots (labeled by arrows) with constant levels between 4 and 24 DAP.
an abundant train of spots at the basic edge of the gel, between pH 6 and 7, at approximately 50 kD (Fig. 3) . Ten other spots were identified as rbcL. These spots displayed various molecular masses (from 15-82 kD) and pIs (from 4.3-7). Smaller polypeptides identified as rbcL might correspond to degradation products. The spot at 82 kD was less abundant: contamination with Rubisco holoenzyme might explain this identification since Rubisco is the most abundant protein in the profile. Two Rubisco small subunits of approximately 13 kD were identified. Other abundant spots were identified as Rubisco activase (five spots, 4.7% of total spot volume in leaves), PSII oxygen-evolving subunits 1 (four spots) and 2 (four spots; 11.6%), and as proteins involved in ATP metabolism (5.2% of total spot volume in leaves, three spots from mitochondria, five spots from chloroplasts, one spot from vacuoles, and one from an undetermined location). Proteins involved in carbon fixation, such as transketolase (two and three spots in leaves and stems, respectively), phosphoribulokinase, aldolase (eight spots in leaves corresponding to different isoforms or post-translational modifications), triosephosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate kinase, contributed to 9.5% of the total volume of detected spots in leaves.
Less abundant proteins were involved in nitrogen and amino acid metabolism (4.8% of total spot volume in leaves, Glu ammonia ligase, Glu decarboxylase, Met synthase, Met adenosyl transferase, amino aldehyde dehydrogenase, arginosuccinate synthase), in protein folding, processing, or stability (2.4% of total spot volume in leaves, various molecular chaperones, heat shock proteins [HSP] , and proteases), in plant defense (4.1% of total spot volume in leaves, ascorbate peroxidase, L-ascorbate peroxidase, and CuZn superoxide dismutase [SOD] , and pathogenesis-related [PR] proteins), in secondary metabolism (1.5% of total spot volume in leaves, 2#-hydroxyisoflavone reductase, 1,4-benzoquinone reductase, isoflavone reductase, and caffeoyl-CoA methyltransferase), and the miscellaneous protein category that included various proteins, such as 14-3-3-like proteins and anther-specific proteins (2.1% of total spot volume in leaves).
The maps of leaf and stem proteins were highly similar, although the same spots detected in both tissues often differed in staining intensity (Fig. 3 ) and in relative abundance (Table I) . Most of the spots detected and identified in leaves were also present in stem tissues and vice versa, except for 14 leaf protein spots (67, 75, 80, 82, 148, 164, 165, 168, 176, 177, 183, 200, 202, and 205 ) that were absent or not well resolved on stem 2-DE gels. The stem protein profile was of better quality due to a lower abundance of Rubisco that permitted better resolution, as noted by Watson et al. (2003) , and allowed the identification of spots not well resolved on leaf 2-DE gels. The most marked difference between these maps was the presence of many abundant spots in the leaf protein profile. At 4 DAP, the total volume of proteins involved in energy metabolism was higher in leaves than in stems (Fig. 5) . In particular, the relative abundance of the Table I . The data were classified according to protein function described by Bevan et al. (1998) and included an assigned spot number ( Fig. 3 ) with tissue in which proteins were identified: L, leaf or S, stem. Experimental and theoretical pIs and M r , the number of MALDI-TOF and LC-MS/MS matched peptides, and the percentage of sequence coverage of the protein by the matched peptides were also indicated. The assigned protein of the best matched was given with the organism in which it has been identified and its GenBank accession number. The normalized volume of each identified spot at 4 DAP was indicated for both tissues, if spot was present in the tissue. Significant ANOVA was followed by an SNK test (P , 0.05) carried out on the leaf-normalized spot volumes. Different letters mean that protein relative abundance was significantly different between stages, and they could be arranged in descending order. Same letters indicate that relative abundances were different between stages but they could not be arranged with the SNK test. Histograms in the last column represented leaf spot volumes at 4, 12, and 19 DAP. Data were presented as means of normalized spot volumes 6 SD. For spots identified two times, all the information concerning the identification was noticed under the same number spot. No oxygen-evolving proteins was significantly higher in leaves. Proteins involved in secondary metabolism were more abundant in stems (3.9%) than in leaves (0.8%). We have chosen to use leaf tissue to analyze the events associated with the mobilization of proteinbound nitrogen because more than 65% of the nitrogen leaf content is mobilized during monocarpic senescence (Peoples and Dalling, 1988) .
Quantitative Proteomic Analysis of Leaves during N Mobilization
Mobilization-related changes occurring in leaves during seed filling were analyzed through the changes in relative protein abundance at three different stages: before N mobilization and seed filling (4 DAP), during early seed filling and N mobilization (12 DAP), and a later stage of seed filling and N mobilization (19 DAP; Fig. 1 ) On a constant fresh-weight basis, the protein concentrations of the samples decreased (e.g. 8.5 mg proteins mL 21 at 4 DAP and 2.4 mg mL 21 at 19 DAP), and the majority of protein spots (72%) showed a decreasing volume (Fig. 2) . Therefore, to obtain comparable gels for quantitative analyses, we have chosen an approach based on a constant protein load per gel (200 mg/gel). The variations of spot volume indicated variations in their relative abundance in relation to a constant amount of protein. However, the quantity of protein per spot could be deduced by multiplying the volume of each spot by the protein concentration of the extracts, as measured according to Bradford (1976) , using a reagent compatible with the reducing and denaturing agents of the protein extracts. Whereas on a constant fresh-weight basis the majority of protein spots showed a decreasing volume (Fig. 2) , on a constant protein basis, the relative abundance of protein spots decreased, increased, or showed transitory variations from 4 to 19 DAP (Table  II) . Of the 191 spots quantified in the 2-DE gels, 80 spots showed significant variations in their relative abundance (41%), of which 74 were identified in the reference maps (Fig. 3) . Our study did not reveal any new protein spot appearing during the process of mobilization. All the variations are presented in Table  I , and Figure 6 shows some examples of variations in protein profiles.
RbcL is considered as the major source of mobilizable nitrogen in leaves. In the total protein extracts analyzed in this study, the rbcL spot 111 quantity, calculated as the relative abundance multiplied by the protein concentration in the extracts, decreased by 50% between 4 and 12 DAP, and by 60% between 4 and 19 DAP. Additionally, the proteomic analysis revealed that its relative abundance remained constant between 4 and 12 DAP, and increased between 12 and 19 DAP (Table I) . Together, these data suggest that, even if rbcL is the major source of mobilizable nitrogen in leaves due to its very high abundance, its relative rate of degradation is comparable to the mean rate of protein degradation in leaves between 4 and 12 DAP and is slower between 12 and 19 DAP. Following the massive reduction of rbcL, the relative abundance of low molecular mass rbcL peptides, which might correspond to degradation products, increased. This is the case for spots 82 (23 kD) and 98 (22 kD), whose relative abundance increased after 4 DAP, and for spot 87 (19 kD), whose relative abundance increased after 12 DAP. The analysis of the results of MS revealed that the matched peptides that allowed the identification of the products of the degradation of rbcL were located between Leu-22 and Arg-213 (Table III) . These data suggested that the degradation products of Rubisco were derived from the N-terminal portion of the protein, except for spot 93. In this spot, two hypothetical, distinct rbcL degradation products, an N-terminal and a C-terminal product, were identified. This could be due to a limit in the resolution of two overlapping peptides in the 2-DE gels, these two peptides corresponding to two products of degradation with similar pI and M r . Additionally, the relative abundance of Rubisco activase (spots 44 and 150) increased after 4 DAP, and the maximum relative abundance of Rubisco-binding proteins (spots 13, 119, 132) was reached by 19 DAP. Another abundant source of mobilizable nitrogen is the protein of the photosystem complex. The relative abundance of spots corresponding to the PSII oxygen-evolving enhancer subunits 1 and 2 (spots 177 and 183) decreased from 4 DAP, whereas two other spots corresponding to subunit 1 (spots 62 and 63) increased (Table I) . These results indicate that spots 177 and 183 were degraded more rapidly than the other proteins and spots 62 and 63 less rapidly.
Other, less abundant proteins showed interesting patterns of expression during N mobilization. The relative abundance of chloroplast translation elongation factor (EF-Tu; spot 40) decreased from 4 DAP. Conversely, the relative abundance of spots 103, 128, Table III . Degradation products of rbcL Mapping of matched peptides onto the rbcL was shown. Numbers of spots were given with their experimental pI and M r in the first column. Start and end of peptides of the rbcL (Gi accession no. 132009; pI, 6.6; M r , 53 kD; 475 residues) with their sequence that allowed protein identification were noted in the second and third columns. The last column noted to which extremity of the full rbcL sequence products of degradation corresponded. and 129, corresponding to chloroplast proteases (FtsH protease, ClpC endopeptidase) increased from 4 DAP. The quantity of these spots remained almost constant on a fresh-weight basis. The relative abundance of spots corresponding to peptidyl-prolyl cis-trans isomerase, and to molecular chaperones (HSP70, DNA K) also increased. In the group of proteins involved in plant defense, the relative abundance of SOD (spots 108), PR proteins (spots 91 and 92), and chitinase (spot 72) increased. Two spots corresponding to 14-3-3-like proteins showed contrasted patterns of variation: The relative abundance of spot 65 increased while that of spot 168 decreased. Concerning enzymes involved in glycolysis and the glyoxylic cycle, two post-translational modifications of aldolase showed a differential variation (spot 58 decreased, spot 54 increased), whereas spots 32, 55, 74, and 192, corresponding to enolase, fructokinase, triosephosphate isomerase, and lactoyl-glutathione lyase all showed increased relative abundance after 4 DAP. The variations in the relative abundance of proteins were confirmed in an independent experiment, for spots corresponding to rbcL, Rubisco activase, Clp proteases, and Rubisco-binding proteins (data not shown).
DISCUSSION
Leaf and Stem Proteome Maps
Building reference proteome maps for the organs or plant tissues of interest is a prerequisite for analyzing protein expression during various physiological processes or the effect of environmental factors or mutations on the proteome of these organs or tissues. We built proteome maps of leaves and stems in pea. Surprisingly for a species for which a limited number of sequences are available in databases, a high percentage (62%) of protein spots was successfully identified by MALDI-TOF spectrometry. When the identification was ambiguous, the identity of the protein was confirmed by LC-MS/MS (92% of success). This high percentage of identification is largely due to the fact that the most abundant proteins of the proteome maps corresponded to well-known and highly conserved enzymes of energy metabolism. Similarly, many major proteins identified in pine needles (Costa et al., 1999) and maize leaves (Porubleva et al., 2001) were involved in carbon metabolism and photosynthesis.
Interestingly, the proteome maps merged the spots obtained in subcellular proteome analysis of pea thylakoids and mitochondria (Peltier et al., 2000; Bardel et al., 2002) . Indeed, the experimental characteristics and identity of some proteins revealed by these subcellular analyses were similar to those identified in this study. For example, protein spot 129 (M r , 54.3; pI, 6.6) of pea thylakoids and spot 111 (M r , 53; pI, 6.8) of the present study were both identified as rbcL. Similarly, spot 120 (M r , 37.5; pI, 6.2) of pea thylakoids and spot 54 (M r , 38; pI, 6.3) of this study were assigned to aldolase. Slight differences in M r and pI between the experiments could be attributed to a different experimental prediction of the values. The comparison of the proteome maps obtained for leaf and stem showed that they were very similar, except for relative spot abundance (Fig. 3) . Similarly, the comparison of HPLC profiles and sequences of spots with homologous locations in 2-DE gels of maritime pine needle and xylem showed that they have the same identity (Costa et al., 1999) . Together, these data suggest that spots characterized by similar M r and pI for the same organ in different experiments, or for two aerial vegetative organs like leaf and stem, are likely to correspond to the same protein and emphasize the reliability of these maps.
In order to analyze the consequences of N mobilization in leaves of pea during seed filling, we used a composite reference map obtained by pooling the MS leaf and stem data (Table I) .
N Mobilization in Leaves of the Vegetative Nodes in Relation to Seed Filling
The literature reports diverse methods to monitor N mobilization or senescence, such as the determination of nitrogen or chlorophyll content expressed per surface area or per fresh weight. Also, a wide range of conditions was used to induce senescence-like changes, such as light limitation, drought stress, nitrogen deficiency, pathogen infection, or plant aging when considering different nodes on the same plant. In this study, we focused on monocarpic leaf senescence associated with nitrogen mobilization. The leaves were harvested on the seventh and eighth vegetative nodes (i.e. nodes immediately below the first flowering node) from the day of pollination of the second flowering node. N mobilization was followed through leaf nitrogen content that reflects soluble protein concentration (Fig. 1) . The decline of soluble proteins is indicative of the onset of massive N mobilization and also of the onset of senescence (Crafts-Brandner et al., 1998) . In our experimental conditions, soluble protein concentration decreased in the seventh and eighth vegetative nodes from 10 to 19 DAP. During this period, nitrogen content dropped from 2.5% to 1.6%. This lower level could correspond to a plateau phase before further dismantling of the leaf cell structures. In contrast, protease activity in leaves of the seventh and eighth vegetative nodes increased at 10 DAP, which may contribute to the massive N mobilization from leaves to sustain the high demand of nitrogen in developing seeds. This period of N mobilization corresponded to the period of seed filling, determined by seed water content measurement (Ney et al., 1993) . The period of seed filling for the second flowering node extended from 10 to 24 DAP.
The objective of this study was to identify proteins degraded, induced, or modified during N mobilization. About 40% of the spots at pIs from 4 to 7 showed abundance variations when a constant amount of protein was loaded on gels. This is the general approach used in quantitative proteomics applied to different developmental stages. No new spot appeared during the process. Even products of degradation of Rubisco were detected before massive N mobilization: Proteolysis occurred constitutively, but the rate of proteolysis changed during the different stages analyzed. These results were in agreement with Wilson et al. (2002) , who found 40% of proteins to be changed in abundance by senescence but the absence of new spots appearing.
Mobilization-Related Changes in Proteins Controlling the Leaf Photosynthetic Potential
The decline in soluble proteins is closely associated with the decline in abundance of several stromal enzymes, most notably rbcL and PSII (Matile, 1992; Crafts-Brandner et al., 1996) . In our study, we found that even though the quantity of rbcL decreased, its relative abundance increased at 19 DAP, suggesting a lower rate of degradation than other proteins at this stage. Among proteins derived from PSII, some spots showed decreased, and others increased, relative abundance. In white clover, the abundance of rbcL and thylakoid PSII showed a transitory increase in early-senescent and a substantial decrease in latesenescent leaves (Wilson et al., 2002) . However, since the two systems are very different, it is difficult to determine, for example, whether our 19-DAP stage corresponds to early-or late-senescent leaves studied by Wilson et al. (2002) . However, in view of the decline in chlorophyll content, late-senescent leaves in Wilson et al. are most probably yellowing: Thus, our 19-DAP stage probably corresponds to a stage before the one they noted as late senescence. Interestingly, the relative abundance of three spots of Rubisco activase (spots 44, 46, and 150; Table I ) increased during N mobilization. Rubisco activase is an important regulator of photosynthesis that maintains Rubisco catalytically active by removing sugar phosphates that impede carbamylation at the active site, located in the large subunit (Portis, 1992) . Together with this increase in relative abundance of Rubisco activase, we found increased levels of a-and b-subunits of Rubisco-binding proteins, known as chloroplast molecular chaperones, assumed to ensure the correct assembly of Rubisco. These results suggest that different mechanisms may act simultaneously after massive degradation of Rubisco to maintain activity of residual Rubisco during N mobilization: Rubisco activase to promote its activation (He et al., 1997) and Rubisco-binding proteins to prevent its denaturation/degradation.
Proteins Related to Proteolysis and Maintenance of Photosynthesis/Cell Viability during N Mobilization
The results showed a decreased relative abundance of EF-Tu (spot 40; Table I ) from 4 DAP and the increased relative abundance of several proteases (spots 128, 129, and 103; Table I ). Concomitantly, protease activity increased at the beginning of N mobilization. These data reflect the decline in protein synthesis and the increase in protein degradation in the chloroplast during senescence (Smart, 1994) . The degradation of proteins is probably the most significant break-down process that takes place during senescence, and the subsequent mobilization of amino acids is of crucial importance to supply the developing organs elsewhere in the plant. The complete hydrolysis of proteins to free amino acids depends on the action of endo-and exopeptidases (Brouquisse et al., 2001) . In this respect, the increased expression of several protease genes was reported during senescence (Buchanan-Wollaston et al., 2003) . The protein spots 128 and 129 identified in the present study corresponded to subunits of the ATP-dependent Clp protease. This enzyme is located in the chloroplast stroma and contains at least two different subunits: a catalytic subunit ClpP of 21 kD and an ATPase regulatory subunit ClpC of 92 kD (analogous to ClpA in Escherichia coli; Adam and Clarke, 2002) . The ClpP subunit has been shown to play a role in the degradation of the cytochrome b6-f complex in the green alga Chlamydomonas reinhardtii (Majeran et al., 2000) . Nakashima et al. (1997) showed that erd1, a nuclear gene encoding a protein similar to the regulatory ClpC subunit, was up-regulated during water stress and senescence in Arabidopsis. Conversely, Crafts-Brandner et al. (1996) suggested a constitutive expression of Clp subunits in senescent Phaseolus vulgaris leaves, even though an increase in abundance of mRNA ClpC was observed during nitrogen starvation. However, the exact role of this enzyme during senescence is still unknown. Our results, showing increased relative abundance of two ClpC regulatory subunits concomitantly with the decrease in nitrogen content in leaves (Fig. 1) , suggest a possible role of ClpC subunits in N mobilization from leaves during seed filling. This may not be in contradiction with Crafts-Brandner et al. (1996) , since, in monocarpic species, the period of seed filling can mimic nitrogen starvation.
The protein spot 103 (Table I ) was identified as a chloroplastic membrane-bound ATP-dependent Zn 21 -activated protease (FtsH). Originally identified in E. coli, FtsH homologs have been found throughout nature and are implicated in the degradation of proteins in bacteria, mitochondria, and chloroplasts (Langer, 2000) . Recently, Silva et al. (2003) proposed a direct role for these proteins in the early stages of repair of PSII in the cyanobacterium Synechocystis sp. PCC 6803 during light stress. This protease is involved in the removal of the damaged D1 subunit of PSII and in the maintenance of its activity. Here, we provide evidence that the relative abundance of a chloroplastic FtsH protein increased in pea leaves during N mobilization. Two possible roles could be proposed for this protein: (1) It could be involved in the degradation of PSII; our results showed a decrease in relative abun-dance of photosynthesis-related proteins in leaves (Fig. 2) . (2) It could also play a role in the maintenance of photosynthesis/cell viability during the intense proteolytic activity within the chloroplasts.
Several mitochondria or chloroplast molecular chaperones showed increased relative abundance. In particular, two of them (Table I , spots 218 and 219) corresponded to the major HSP70 of the pea chloroplast stroma (Marshall and Keegstra, 1992) , which could play a role in protein translocation at the chloroplast envelope, as reviewed by Gray and Row (1995) . The expression of genes encoding chloroplasttargeted HSP70s has been shown to increase during light stress in the green alga C. reinhardtii, and a role for these proteins in the molecular protection of the PSII reaction centers and in the process of PSII repair was proposed (Schroda et al., 1999) . The increase in relative abundance of these two HSP70 proteins during N mobilization suggests that they could play a role in the protection and repair of PSII throughout this process. Other chaperones revealed by this approach may be required for the maintenance of metabolic activities within the cell, such as mitochondrial DNA K (Table I , spots 126 and 127) that showed a sequential increase in relative abundance during N mobilization from 4 to 19 DAP and may help the mitochondria to remain active later in senescence (Feller and Fisher, 1994) .
Several PR Proteins Increased in Relative Abundance
A PR protein 10 (spot 91) and an abscisic acidresponsive protein closely related to intracellular PR proteins 17 (spot 92) showed a transitory increase in relative abundance at 12 DAP. The role of PR proteins during senescence is still uncertain. They could play a role in the defense of senescing tissues against pathogens, reflecting the vulnerability of the tissues at this stage (Buchanan-Wollaston, 1997), or they could play a more active role: PR-10 potentially has ribonucleaselike activity (Bantignies et al., 2000) , and PR-17 potentially has protease activity (Christensen et al., 2002) . Additionally, a PR chitinase (spot 72) showed an increase in relative abundance from 4 to 12 DAP. Similarly, the expression of genes encoding proteins normally associated with the pathogen response was found to increase during senescence in Brassica napus (Hanfrey et al., 1996; Quirino et al., 1999) and during drought stress in grain legume crops such as lupins (Lupinus albus; Pinheiro et al., 2001) . However, the role of these proteins during senescence-like changes has not yet been elucidated.
Regulatory Molecules
14-3-3 proteins, existing in several isoforms and presenting post-translational modifications, play significant roles in various plant regulatory and metabolic processes. The interaction of 14-3-3-like proteins with a number of metabolic enzymes suggests their involvement in coordination of primary carbon and nitrogen metabolism (Comparot et al., 2003) . In addition, several 14-3-3s have been identified within chloroplasts with possible roles in targeting and insertion of thylakoid proteins (Fulgosi et al., 2002) . In our study, concomitant with the decreased accumulation of the 14-3-3 spot 168, from 4 to 12 DAP, the relative abundance of spot 65 increased. This could correspond to a differential accumulation of a post-translational modification of the protein, because identified proteins have the same accession number, leading to a specific role whose elucidation could be of particular interest for the understanding of the regulatory network controlling early senescence.
CONCLUSION
Because of the positive relationship between the rate of nitrogen accumulation in the seeds and the level of nitrogen availability (Lhuillier-Soundele et al., 1999) , the characterization of the N-mobilization process in leaves may be of crucial importance for future improvement of seed nitrogen content in leguminous crops. Our data allowed us to identify some proteins potentially involved in N mobilization. During N mobilization, 40% of protein spots with pIs 4 to 7 showed changes in relative abundance, and many proteins showing an increase in relative abundance were involved in protein folding, protein degradation, and defense mechanisms. The analysis of the protein spots showing changes in relative abundance during N mobilization indicates, first, that even if rbcL is the major source of mobilizable nitrogen in leaves, its rate of degradation is similar to the other proteins. Second, accumulation of Rubisco activase and of several chaperone proteins (chloroplastic HSP70), suggests a role for these proteins in the maintenance of carbon assimilation and cell viability, respectively. Third, the increase of relative abundance of regulatory subunits of the chloroplastic protease Clp and the increase of protease activity at the beginning of N mobilization suggest a key role in the hydrolysis of the major sources of mobilizable nitrogen. These proteins represent candidates for understanding the regulatory networks controlling early senescence. Finally, this work confirms that proteomics is a powerful approach to investigate protein expression patterns in plants during such complex processes and is complementary to the transcriptomic approach. Some proteins showing increased relative abundance in our study corresponded to genes for which induced mRNA levels were reported during senescence: malate-dehydrogenase, Fru 1,6-bisphosphate aldolase, GAPDH, chitinase, and Clp proteases (for reviews, see Buchanan-Wollaston, 1997; Buchanan-Wollaston et al., 2003) . However, while showing apparent differential maintenance of some proteins over others during N mobilization in leaves, this study did not give any indications about protein turnover. Variations in the relative abundance of protein spots could result either from a variation in the proteolytic activity or from a variation in the rate of synthesis of these proteins. In order to better understand the biological processes occurring during N mobilization from leaves, estimates of protein turnover using [ 
MATERIALS AND METHODS
Plant Material
Plants from pea (Pisum sativum cv Caméor), a short and broad-leafed genotype, were grown in a sterile mix (1:1, v/v) of atapulgite and expanse clay, in a growth chamber under controlled conditions (22°C/16°C, 16-h photoperiod, 550 mM m 22 s 21 ). Five days a week, plants were watered with a nutritive solution at 4.5 meq (corresponded to 4.5 mM of elementary electric charge) of NO 3 2 and with deionized water the other days. The flowers of the three first flowering nodes were tagged on the day of pollination in order to harvest the seeds, leaf, and stem sections at different stages of seed development. The seed water content, seed fresh weight, and seed dry weight were determined at different stages during seed development. The leaves and stems from the seventh and eighth vegetative nodes (below the first flowering branch) were harvested at 4, 8, 12, 15, 19 , and 24 DAP of the second flowering nodes. The harvesting was done during the night period, under a green safelight. For the determination of nitrogen content, the seventh and eighth vegetative nodes of two plants per stage were harvested, dried at 80°C for 48 h, and nitrogen content was determined by the Kjeldahl method. For protein extraction, the seventh and eighth vegetative nodes of eight plants per stage were harvested, pooled to buffer the environmental effect within the growth chamber, and immediately frozen in liquid nitrogen and stored at 280°C. Leaves and stems of the eight combined plants were ground separately using mortar and pestle in liquid nitrogen. The powder was stored at 280°C until protein extraction. In a second, distinct experiment, a set of six plants, grown in the same conditions as the first ones, was collected at 6, 10, and 18 DAP. Leaves of the seventh and eighth vegetative nodes were pooled, ground, and proteins were extracted as the first set.
Protease Activity Measurement
Protease activity was measured with the QuantiCleave Protease Assay kit (Pierce Biotechnology, Rockford, IL) at 6, 10, and 18 DAP. Proteins were extracted in water from ground tissues stored at 280°C. Five replicates by stages were made.
Protein Extraction and Solubilization
Total proteins were extracted from 1 g of powder in 1 mL of lysis buffer containing 26 mM Tris-HCl, 2 M thiourea, 0.3% (v/v) Triton X-100 (SigmaAldrich, St. Quentin Fallavier, France), 20 mM Trizma base (Fluka, St. Quentin Fallavier, France), 7.5 M urea, 63 mM CHAPS, Pharmalyte, pH 3 to 10 (Amersham Biosciences, Saclay, France), 1% (v/v), and the protease inhibitor cocktail complete mini, 14% (v/v; Roche Diagnostics, Mannheim, Germany). After shaking 30 min at 4°C, 7 mM of DTT (Amersham Biosciences) were added and the protein extracts were stirred 20 min at 4°C and centrifuged (20,000g for 20 min at 4°C). The supernatant was submitted to a second centrifugation for 10 min. The final supernatant corresponding to the total protein extract was precipitated in 1 volume of acetone containing 20% TCA (v/v; Sigma-Aldrich), 9 mM DTT at 220°C overnight, then centrifuged (20,000g for 20 min at 4°C). The pellet was resuspended in 2 volumes of acetone containing 9 mM DTT at 220°C for 1 h, then centrifuged as above. After drying, the pellet was resuspended in 200 mL of lysis buffer. Samples were stored at 220°C before electrophoresis. Protein concentrations in the protein extracts were measured according to Bradford (1976) by using a reagent (Bio-Rad Protein Assay; Bio-Rad, Marnes-la-Coquette, France) compatible with the reducing and denaturing agents used to prepare the protein extracts.
Two-Dimensional Electrophoresis
Proteins from the different extracts were first separated according to charge in the electrofocusing IPGphor system (Amersham Biosciences), at 20°C, using 24-cm gel strips forming an immobilized linear pH gradient from 4 to 7 (Amersham Biosciences). Each strip was rehydrated for 7 h in the presence of 460 mL of rehydration buffer (7 M urea, 2 M thiourea, 65 mM CHAPS, 20 mM DTT, Pharmalyte, pH 3 to 10, 0.5% [v/v] , Triton X-100, 2% [v/v] ) containing the protein extract. Isoelectric focusing ran for 7 h at 50 V, 1 h at 350 V, 3 h at 3,500 V, and then until 60 kVÁh at 8,000 V. After electrofocusing, the strips were either stored at 280°C or immediately equilibrated and separated according to their molecular weight in the Isodalt System (Amersham Biosciences), as described by Gallardo et al. (2002) .
For protein identification by MS, a first series of gels was prepared using 100 mL of protein extracts corresponding to about 800 mg of proteins from leaves and stems at 4 DAP. A second series of three 2-DE gels was performed with a constant leaf fresh weight (240 mg) at 4, 12, 15, 19, and 24 DAP. For quantitative analyses, a third and fourth series of gels was prepared from 200 mg of leaf proteins determined according to Bradford (1976) . In the third series, five 2-DE gels, made from two distinct extractions, were done at constant protein levels at 4, 12, and 19 DAP. Three gels were performed from the first extraction and two from the second extraction, the gels for both extractions running in two independent batches. In the fourth series, three 2-DE gels loaded at 200 mg per stages (6, 10, and 18 DAP) were made with leaves from the second set of plants.
Protein Staining
Gels were stained with Coomassie Blue according to the procedure described by Mathesius et al. (2001) , with modifications: Gels were stained for 3 d in the staining solution and destained for 24 h. They were scanned with a JX-330 Sharp electronics scanner (Svenska AB, Bromma, Sweden), equipped with the Labscan version 3.00, and then dried between cellophane membranes (Bio-Rad).
MS Analyses
Spots of interest were excised from Coomassie Blue-stained 2-DE gels and stored at 280°C in a 1.5-mL transparent Eppendorf tube. Frozen spots were analyzed by MALDI-TOF spectrometry at the Proteomic Platform of INRA, Montpellier, France. The peptide mass tolerance was 6 100 ppm. The proteins were identified by searching the protein databases using MASCOT (http:// www.matrixsciences.com) and the function of proteins was searched with National Center for Biotechnology Information (NCBI) databases (http:// www.ncbi.nlm.nih.gov). Theoretical M r and pI of the identified proteins were determined from MASCOT databases used for peptide identification or from the sequence using http://us.expasy.ch/tools/peptide-mass.html. Experimental M r and pI, corresponding to the M r and pI of spots detected on 2-DE gels, were calculated with ImageMaster 2D Elite. For the precursor form of protein, M r and pI of the mature form could be predicted by entering the protein sequence at http://www.expasy.ch/tools/peptide-mass.html, without the peptide transit determined with ChloroP at http://www.cbs.dtu.dk/ services/ChloroP, or the mitochondrial targeting sequences determined with MitoP at http://www.mips.biochen.mpg.de/cgi-bin/proj/medgen/ mitofilter. To consider a protein as unambiguously identified by MALDI-TOF, the following criteria were used: a minimum of four independent matching peptides, significant protein scores given by MASCOT (P , 0.05), and a minimum of 10% coverage of protein by the matching peptides. If these criteria were not satisfied, we compared the M r /pI of matched protein to the values of the predicted protein to validate the identification. Other spots and some confirmation of spot identity were performed by nano LC-MS/MS (ion trap) at the Proteomic Platform of INRA Le Moulon (Gif sur Yvette, France). The proteins were identified from the MS/MS spectra in protein databases using Bioworks 3.1 (Sequest), and the database peptides were selected with a maximal error of 1.2 D. A protein was successfully identified when at least two different peptides matched the protein sequence with significant correlation scores (XC up to 1.7, 2.2, and 3.5 for 1 1, 1 2, and 1 3 charged peptides, respectively). The XC value represents the overlap correlation between experimental and theoretical MS/MS spectra produced by candidate peptides in the databases.
Quantitative Image Analysis
An image analysis was carried out on 2-DE leaf gels using the software ImageMaster 2-D Elite. For protein spot detection, spot detection wizard mode was used to set the detection parameters and each spot was checked visually. The gel that contained the highest number of spots was arbitrarily chosen as reference gel and spots of the reference gel were then matched across the other gels after adding user seeds. After subtracting the background with the mode of nonspot (margin 45), spot volumes were normalized for differences in staining intensity: The volumes were divided by the sum of the volumes of 25 reference spots, according to Gallardo et al. (2003) . These 25 spots were chosen because they were present in all 2-DE gels, their volume appeared visually as constant between stages, they were well determined, well quantified, and distributed throughout the gel. Because a constant protein quantity was loaded onto gels, the normalized spot volumes corresponded to the relative abundance of the corresponding protein in relation to a constant protein basis. However, the quantity of protein per spot, on a fresh-weight basis, could be deduced from the normalized volume by multiplying it by the protein concentration of the extract, as measured according to Bradford. The linear relationship between spot volume and the quantity of protein loaded onto gels was checked for 52 spots, varying from least-to-most abundant spots (data not shown). M r and pI were calculated using the ImageMaster 2-D Elite software calibrated with commercial molecular mass standards (precision protein standards unstained; Bio-Rad) run in a separate marker lane on the 2-DE gel. A nested ANOVA (P , 0.05) was performed (SAS Institute, 1988) to compare the relative protein abundance of detected spots among the three stages: The normalized volumes were the variables to explain, the stage was the main factor, and the extraction/batch factor was nested in the stage factor. A multiple comparison of means (Student-Newman-Keuls [SNK] test) was performed for normalized spot volumes that were significantly variable with ANOVA among stages. Because the residual variance was better estimated in the ANOVA, by taking into account the nested experimental factor, than in the SNK test, some spots presented significant variations according to ANOVA but not to the SNK test. In these cases, we could conclude that abundance of spots was not constant between stages, but we could not classify them.
